Abstract: We design two novel air-hole-array strip waveguides: one with elliptic air holes and the other with sandglass-shaped ones. Simulation results prove that flatband modes with low group velocity and low dispersion can be obtained. Each waveguide has its merits; one can choose waveguides with a low group velocity of 2:52 Â 10 À3 c and a narrow bandwidth of 2.71 nm (one with elliptic air holes) or a high group velocity of 1:2 Â 10 À2 c and a wide bandwidth of 13.6 nm (one with sandglass-shaped air holes), according to the application. Numerical simulation by finite-difference time domain (FDTD) demonstrates the propagation of the broadband pulse.
Introduction
Nowadays, slow light having an ultra-low group velocity v g attracts increasing attention due mainly to its applications in miniaturized optical buffers [1] , [2] . Apart from signal delays, light with low group velocity has been expected to enhance light-matter interactions [3] , [4] . It has been demonstrated that very slow light could be realized by a variety of techniques, including electromagnetically induced transparency (EIT) medium [5] , [6] , coupled resonator structures (CRSs) [7] . The photonic crystal (PC) waveguide, which provides an equivalently large n g due to its structural dispersion, has been extensively studied recently for slow-wave effect [8] - [10] . However, the distortion problem of the optical pulses caused by group velocity dispersion (GVD) remains unsolved [10] - [12] , which limits the achievable bandwidth for slow-light transmission.
Conventional research had focused on solving the distortion caused by extremely large GVD. Recently, low-dispersion slow-light waveguides in transmission were proposed [13] - [16] . Coupled waveguides with chirped structures had also been presented to realize internal dispersion compensation [17] - [20] . The experimental realization and the light behavior of such a waveguide had been reported, on both the spectral and time domain [21] . By adjusting the wavelength of the input pulses toward the flatband of the coupled defect modes, an extremely small group velocity of 0.017 c is thus observed. However, in chirped devices, optical signals are first dispersed and then recovered, which is not necessarily suitable for the enhancement of light-matter interactions.
In this paper, we propose two novel air-hole-array strip waveguides, one with elliptic air holes and the other with sandglass-shaped ones, whose structural parameters are optimized by excluding the extreme points from the flatband, with the purpose of avoiding the unacceptable dispersion induced by extreme points. Calculated by the plane wave expansion method [22] , the devices show the characteristic of ultra-low v g and low GVD. Besides, we demonstrate the slow-light propagating in the proposed structures by finite-difference time-domain (FDTD) simulation [23] .
Design and Analysis
We first investigate a commonly used structure, an air-hole-array strip waveguide [24] . This structure consists of a single row of round-shaped air holes inside a strip of dielectric, and is sketched in the inset of Fig. 1(a) . The spacing between air holes defines the lattice constant a. Here, r is the radius of the hole, and w and n denote the width and index of the waveguide. By properly optimizing (with n ¼ 3:5, w ¼ 3a and r ¼ 0:36a), an S-shaped band, as shown in Fig. 1(a) , is obtained. We can get an extremely low group velocity v g ¼ 0:0024 c at wave vector k ¼ 0:42, as shown by the green dot in Fig. 1(a) , where the second-order derivatives of the dispersion curve is rather high, leading to an unacceptable GVD. Where the GVD can be related to the second-order derivative of the band curve d 2 !=dk 2 as the following expression:
It can be concluded that the slope of the dispersion curve should not only be small but constant over a given range as well. So we divert our attention to the linear and flat regime of the dispersion curve, sketched inside the blue circle in Fig. 1(a) . In order to confirm our ideas, we study the group velocity and GVD of such structure, as shown in Fig. 1(b) . We can see that the group velocity is extremely small at the wave vector k ¼ 0:42ð2=aÞ, the minimum point of the dispersion curve, while its GVD 2 runs to infinite. Then at the linear region 0:42 k 0:5, although the group velocity increases from 0.0024 c to 0.0588 c, its dispersion drops rapidly to the near of zero, which highly meets our requirements mentioned above.
However, the average group velocity of such air-hole-array strip waveguide is not quite competitiveV0.05315 c in the frequency width of Á! ¼ 1:8 Â 10 À3 corresponding to low dispersion as shown in Fig. 1(b) , in which the average group velocity is calculated by equation
To offset this pitfall, we investigate another two novel structures. First is an elliptic air-hole strip waveguide, as sketched in the upper inset of Fig. 2(a) . By finely tuning the parameters for a flat dispersion curve, an optimal waveguide structure is found (major and minor axis of the elliptic air holes are 2A ¼ 1:8a, 2B ¼ 0:715a, and the strip width w ¼ 3:4a), whose dispersion curve is illustrated in Fig. 2(a) . In the regime where k ranges from 0.47 to 0.49, the flat section of the curve indicates low group velocity and low dispersion. The group velocity and GVD parameter in that linear region are shown in Fig. 2(b) as a function of normalized frequency. We can see that the group velocity reaches 10 À3 c, which is much smaller than the one achieved in the above strip waveguide with round-shaped air-hole array. Moreover, the GVD parameter is very close to zero in a certain frequency domain and no larger than the order of 10 6 ðps 2 =nmÞ across the frequency region illustrated in the figure. As a result, for a frequency width Á! ¼ 3:96 Â 10 À4 ð2c/aÞ corresponding to bandwidth of 2.71 nm if we assume the lattice constant a to be 352 nm, n g is calculated to be 418, where the average dispersion 2 is about 3:82 Â 10 6 ðps 2 =nmÞ. We use the FDTD method with perfectly matched layers as absorption boundary conditions to simulate the propagation of electromagnetic pulses through the waveguide, whose length L is chosen to be 100a. A Gaussian profile pulse with central frequency of 0.22707ð2c/aÞ and frequency width of 3:96 Â 10 À4 ð2c/aÞ is coupled at the entrance of the waveguide by a straight waveguide whose width and length are denoted by dW and dL, respectively, as shown in Fig. 3(a) . We assume the lattice constant a to be 352 nm, corresponding to the center frequency of the pulse 1550 nm. In addition, dL and dW are chosen to be 10a and 1.8a. The slow-mode distribution in this waveguide is illustrated in Fig. 3(b) . Obviously, it is an even mode. Looking transversely, light is confined within the waveguide, owing to the light line limitation. Slow-light propagation with low dissipation is expected when the source is excited. Normalized time waveforms of the pulse at the start and end points of the waveguide are shown in Fig. 3(c) . The total delay t d between the two peaks of the main lobes is approximately 3:96 Â 10 4 ða/cÞ time steps, equal to 46.5 ps. The average group velocity is 2:52 Â 10 À3 c (average group index is 396). Note that the observed average group index is a slightly smaller than the calculated value 418 from Fig. 3 partly due to the calculation deviation between FDTD and PWE methods. Because of the low dispersion factor, the FWHM of pulse without significantly broadened changes from 20 ps at input of waveguide to 25 ps at output of waveguide, but the coupling loss of 12.5 (11 dB) is very large.
The second novel structure we study next is a sandglass-shaped air-hole-array strip waveguide as sketched in Fig. 4(a) . The air hole in this structure consists of two symmetrical semi-ellipses whose major and minor axes are denoted by 2A and 2B, respectively. These two semi-ellipses overlap, the distance between two endpoints is denoted by l. The idea behind such design is based on the predication that light will go through the middle of the waveguide, and then reflect where the refractive index changes, leading to the slow-light propagation. Fig. 4(a) shows the optimal dispersion curve of such waveguide to achieve the average group velocity of the linear part. The structural parameters are 2A ¼ 1:4a, 2B ¼ 0:8a, l ¼ 0:02a, and w ¼ 3a. For k ranges from 0.45 to 0.5, corresponding to the normalized frequency between 0.24006ð2c/aÞ and 0.24057ð2c/aÞ, we found a flattened band, though the derivative of which is higher than that of the elliptic air-hole waveguide. Fig. 4(b) shows the group velocity and GVD around the linear region. The maximum group velocity reaches at the order of 10 À2 c, which is higher than the first structure, but is still small enough for most applications. As to the GVD parameter, we can see that 2 remains close to zero across a rather wide bandwidth, and picks up to the order of 10 6 ðps 2 =nmÞ at the frequency edges mentioned before. As a result, for a frequency width Á! ¼ 2:12 Â 10 À3 ð2c/aÞ corresponding to bandwidth of Fig. 2(a) .
13.6 nm if we assume the lattice constant a to be 372 nm, n g is calculated to be 87.7, where the average dispersion 2 is about 5:12 Â 10 6 ðin ps 2 =nmÞ. Similar to the FDTD method we applied on the air-hole waveguide above, we then investigate the pulse propagation through this waveguide 100a in length, as shown in Fig. 5(a) , in which the central frequency for the Gaussian pulse is 0.2403ð2c/aÞ and frequency width is 2:12 Â 10 À3 ð2c/aÞ. The lattice constant a is assumed to be 372 nm, dL and dW are chosen to be 10a and 1.38a. Fig. 5(b) and (c) illustrates the static field distribution and the normalized time waveforms of the pulse at the start and end points, respectively. The total delay t d between the two peaks of the main lobes is approximately 8:3 Â 10 3 time steps, equal to 10.3 ps. The average group velocityṽ g is 1:2 Â 10 À2 c (average group indexñ g is 83), which highly matches the value calculated by PWE methods Fig. 4(a) . mentioned above, and the FWHM of pulse changes from 1.3 ps at input of waveguide to 2.0 ps at output of waveguide. The coupling loss of 8.33 (9.2 dB) is lower than the first designed waveguide.
Conclusion
In short, we have designed two novel strip waveguides with rather simple structures. By finely optimizing, structures which show a single flatband below the light line in the frequency range are obtained. Operating in the band, we can achieve slow light with low group velocity and low dispersion. FDTD simulation is carried out to observe the light propagation in the optimal waveguide. The results agree well with our prediction and show that the slow mode can be excited by usual Gaussian sources.
